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Abstract
This first part of the LHC beam dump design study is devoted to problems requiring simulation of energy
deposition by particle cascades, which determine the physical state of the dump immediately after absorption
of the beam. Each of the twin LHC beam dumps should safely intercept the 540 MJ energy of a 4 mm diameter
beam of 4.81014 protons at 7 TeV, in 86 s. Calculations favour graphite as a candidate material for the
upstream core of the dump, followed by 1 m Al and 2 m Fe downstream absorbers. The dumped beam must
be diluted, in order to reduce maximum deposited energy density to an acceptable level. In a 7070700 cm
graphite core, the optimised dilution profile reduces maximum energy density to 3.1 MJ/kg and maximum
instantaneous temperature rise to a safe level of about 1800 K, at maximum beam intensity. Many of the
results obtained here are related to this ultimate intensity, as they represent the most severe design constraints;
complementary results related to other conditions are also mentioned. Thermal and mechanical analyses,
involving dissipation of the initial energy in a longer time scale and requiring a finite element approach, will
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1 Introduction
The design of a beam dump assembly, able to safely absorb the 540 MJ energy of a 4 mm
diameter proton beam in 86 s, is probably not the least challenging part of the LHC accelerator
project [1]. In fact, each of the two circulating beams, containing up to 4.81014 protons distributed
over 2835 bunches, may have to be dumped at any stage of the filling or colliding process, from the
injection energy of 450 GeV to the maximum of 7 TeV.
The abort system adopted for each beam consists of a fast kicker magnet, horizontally deflect-
ing (0.37 mrd) to a Lambertson septum magnet which, in turn, deflects vertically (2.4 mrd) along a
750 m straight tunnel, to the absorber block housed in a dedicated underground cave. In order not to
melt (or vaporise) any material submitted to such conditions, the beam is spread over the front sur-
face of the dump, by means of horizontal and vertical dilution kicker magnets, located about 100 m
downstream the septum (see Ref. [1], p. 33).
The aim of the present study is to ensure a safe energy absorption and dissipation, under nor-
mal sweep conditions as well as with partial sweep failure. The case of total sweep failure is not
analysed in this report.
This task requires many interdisciplinary calculations:
1. Particle shower simulation, to determine distribution of energy deposited by the cascades in
the case of undiluted or diluted beam;
2. Heat transfer analyses (transient and steady state) to determine temperature in different parts
of the dump as a function of time and of dumping frequency;
3. Structural deformation and stress analyses (quasi-static and dynamic), for mechanical engi-
neering considerations;
4. Other cascade simulations, oriented to radiation protection problems, predicting density of
interactions (stars), particle fluxes and spectra, and radio-isotope production in dump caverns.
These analyses have to define:
1. Some critical parameters, such as maximum acceptable energy density, maximum safe inten-
sity of undiluted beam, etc. ;
2. Optimal choice of materials, with respect to their resistance and costs;
3. Requirements and optimisation of a beam dilution system;
4. Size and alignment of various components (core, frame, shielding, etc. );
5. Type and performance of a cooling system;
6. Rules of beam abort repetition;
7. Safety precautions, with emphasis on radio-protection.
Results of the calculations described in this series of reports will form guidelines for engineering
design: civil engineering, material specification, fabrication and assembly of dump components,
operation procedures, etc.
The first task in designing a high energy beam absorber is determination of the maximum den-
sity, volume integral and spatial distribution of the energy deposited in candidate materials by pri-
mary particles and their secondary cascades. This goal can be attained by use of Monte Carlo (MC)
shower simulation programs. One of the most advanced and credible tools of this type which has
been developed and maintained at CERN for several years is the FLUKA code [2]. All the simula-
tions reported here are based on version 1995 of FLUKA for UNIX machines, run on the CERNSP
system (IBM/RS-6000 node farm, SP-2).
This report, first part of a series of LHC beam dump design studies, is devoted to energy
deposition calculations determining the physical state of the dump immediately after absorption of
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the beam. Thermal and mechanical analyses, involving dissipation of the initial energy in a longer
time scale, and requiring Finite Element (FE) calculations, will be described in the following parts
(see, e.g., Ref. [3]). The energy density, obtained and discussed here in detail, forms a thermal or
mechanical load input for the subsequent FEanalyses. Calculations of secondary radiation levels
and radio-activation, defining the dump shielding, will also be the subject of separate reports (see,
e.g., Ref. [4]).
Details of theMCsimulations and energy-scoring procedures are described in Section 3 of
this report. The obtained level of energy density per one proton (given in Sections 4 and 5), although
still acceptable for a single bunch, confirm the necessity of a beam sweeping system, as described
above; other dilution procedures already discussed (see Refs. [5, 6]) proved to be insufficient to keep
the maximum temperature rise in the dump core below a tolerable level. The currently proposed
form of sweep, with consequences for deposited energy distribution, is introduced in Sections 6
and 7.
Distribution of absorbed energy density in the case of diluted beam enables selection of the
dump core material, determination of its lateral and longitudinal dimensions, and its alignment with
respect to beam axis. This task is a subject of Section 8 of this report.
Section 9 considers a possible incident, highly improbable, which is failure of a sweeper in
either horizontal or vertical plane and normal operation in the other, resulting in a linear sweep.
The absorption of the undiluted beam at highest energy and intensity, the worst but least probable
incident, is briefly discussed in Section 10. The last Section 11 highlights some important results
obtained in this report and summarises practical conclusions that can be drawn from the simulation
of energy deposition by particle cascades.
2 General assumptions
Ultimate parameters of the dumped LHC beam assumed for this study are summarised in
Table 1 of this report. The lateral beam shape is assumed to be Gaussian, of equal width in horizontal
and vertical planes (the mean of slightly different x and y). All the simulations were performed
for mono-energetic protons of the maximum designed primary momentum, 7 TeV/c. The angular
divergence of the beam is negligible, for the purposes of this study. The 2835 bunches are distributed
in 3564 buckets, certain of them being empty: 8 empty buckets after each train of 81 bunches, then 38
empty buckets after 3 trains; 35 trains fill the LHC ring, and 1 additional empty train accommodates
the 3.2 s rise time of the dump kicker (see Ref. [1], p. 46).
The dump core will be made of graphite (as justified in Section 5) followed by Al and Fe
absorbers. Typical physical properties of the graphite, aluminium and iron, at room temperature (as
they are applied for theMCcalculations), are given in Table 2.
Approximation formulae, model parameters, or data files applied for the particle and nuclear
cross-sections, are documented in the User Manual and last review presentations of the FLUKA pro-
gram, and are not discussed here. Comparisons with measurements of absorbed dose distribution
around the SPS proton beam have proved [7] that an accuracy level of about 10% can be expected
when estimating density of deposited energy from simulations with this code. It is assumed that
FLUKA can also be applied up to the 7 TeV proton energy of the LHC, not yet probed experimen-
tally. Apart from theoretical models of secondary production at high energy collisions, this exten-
sion is rather straightforward – since in a well developed cascade the energy deposition is strongly
dominated by low energy electrons (mostly electro-magnetic shower products). The primaries, or
relatively few high energy secondaries, make only a small contribution (at least on axis, at the depth
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of maximum density).
After completing a random sample of the cascades, FLUKA finally normalises all output re-
sults per one primary. All media properties used for simulations of the subsequent cascades are as-
sumed to be temperature-independent and constant in time. Thus at the present state of the art, these
simulations cannot account for the eventual non-linear effect of a rapid change of material proper-
ties (including phase transition, even vaporisation), possible for high intensities of undiluted beam,
in a time even shorter than the overall beam absorption period (86s). However, the usual interpre-
tation of energy deposited per proton, by linear scaling with beam intensity, remains reliable at the
level of one LHC bunch. This assumption concerns also the case of diluted beam, when successive
bunches do not simply sum their deposited energy at coincident points.
Previous simulations with different time cut-offs have shown [8] that the time dependence of
the energy deposition processes (scale of nanoseconds) may not be taken into account for the pur-
pose of this study. In a graphite cylinder of 500 cm length, after a prompt proton incidence (0.25 ns
for a single bunch), 99% of the primary energy is either absorbed (transferred to low energy sec-
ondaries of a negligible range), or extracted outside of the critical 5 cm radius, in a time as short as
25 ns (i.e., comparable with bunch spacing). Therefore, in the region of maximum, all the energy
deposited by any bunch builds up before arrival of the next bunch (with no deposition overlap), thus
only the total time-integrated energy density is of interest.
Estimations of instantaneous temperature rises, made in the following sections, are based on
the assumption that the material is heated adiabatically. As a matter of fact, part of the internal en-
ergy created by cascades in graphite can be immediately transformed to internal pressure (with en-
ergy partition hard to determine), and this stress can propagate at sound velocity (2.3 mm/s). A
volume as small as envisaged for one bunch (e.g., about 0.2 mm bunch pitch, along a sweep line)
can eventually remain energetically insulated during a time shorter than 0.1 s. Thus for the inter-
ception period of a single bunch (less than 25 ns) the adiabatic temperature rise might be quite a
realistic approach. However, during the overall 86 s period required for absorption of all bunches,
the adiabatic approximation provides only the upper (pessimistic) limits of the macroscopic tem-
perature.
3 Cascade simulation
The essential input parameters for cascade simulations are: momentum and type of primaries,
beam size and shape, particle cross-section and other nuclear properties, density of the materials and
geometry of the system. Assumptions on the LHC beam, and physical properties of the materials are
mentioned in the introductory section of this report. The most important user control options that
can have impact on the results are the energy and time cut-offs of the simulations, and the spatial
size of energy-scoring bins.
In practice, it was decided to apply 1 MeV kinetic energy cut-off for all charged parti-
cles (electrons, charged hadrons and muons), 100 keV threshold for photons, and thermal group
(E<0.4 eV) for neutrons. Energy lost by charged particles in ionisation processes was converted to
emitted -rays (low energy electrons), and thus further distributed around ionising particle tracks.
Multiple Coulomb scattering was included down to the Molie`re’s theory limit, for the primaries and
secondaries. Electron pair production and bremsstrahlung photon emission were taken into account
not only in electro-magnetic cascades, but also for hadrons and muons. Only neutrinos and anti-
neutrinos were discarded, and relatively rare processes of electro and photo-production of hadrons
were neglected. The region close to beam axis is well sampled by particle tracks (due to the forward
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peak in secondary production in high-energy cascades), so simulations dedicated to determining
maximum densities need not be biased; unless a deep tail of the cascade was of special interest,
none of the importance sampling methods available in FLUKA were used.
The first result to be obtained is the maximum on-axis energy density deposited per one in-
cident proton. At this stage, geometrical details located far from beam axis are not important, so
it was decided to make the first series of simulation runs with a semi-infinite homogeneous cylin-
drical block of graphite; calculations show (see the next section) that radii up to 30 cm and depths
up to 900 cm cover a sufficient region where energy density is reduced at least 3-5 orders of mag-
nitude below the maximum level. This approach increases the efficiency of calculation (number
of primary histories completed per unit of computer time) due to a simple geometry, and enables
a two-dimensional (R-Z) energy scoring mesh; cylindrical symmetry around beam axis is a good
approximation for the energy deposited at larger lateral distances.
The physical meaning of lower energy simulation cut-offs can be related to the spatial size of
energy-scoring bins: energy of particles falling below these user-specified thresholds is assumed to
be deposited locally (i.e., counted to the energy totally absorbed in a volume of the actual scoring
bin), with no further (fast) propagation to other bins by the shower components. This implies that
bin size must not be smaller than particle range (i.e., here, the mean free-flight distance to a next pos-
sible interaction point) at the threshold energy. As the range usually decreases with reduced particle
energy, refinement of a scoring mesh requires lowering of energy cut-off. This leads to a significant
increase of computer time, spent following each particle down in energy and checking geometrical
limits of the scoring bins. With limited simulation run time, less primary histories can be completed,
and thus enormous statistical fluctuations can be observed for the too small bins. Moreover, because
of the stochastic nature of phenomena in particle cascades (Landau fluctuations, -electrons, etc. ),
physical fluctuations (other than the numerical ones mentioned above) must also occur in reality;
however, their magnitude has minor importance for the purposes of this study.
In presence of a strong lateral slope of energy deposition, an estimate for the maximum density
must be quite sensitive to averaging over the radial size of the first (on-axis) scoring bin. Moreover,
bin size in FLUKA is fixed (within one scoring mesh), but fine spatial resolution is of interest, and
can be achieved, only in a well sampled region of the maximum. Therefore, it was decided to apply
three independent cylindrical meshes, each of increased radial and longitudinal bins, respectively:
1. A fine mesh, with radial bins of 0.2 mm (smaller than the beam size) and longitudinal bins
of 5 cm, which is especially applicable at the upstream part of the absorber block, where de-
posited energy varies most rapidly with depth, but the angular spread is still small.
2. A second mesh, with radial bins of 1 mm (comparable with the beam size) and longitudi-
nal bins of 10 cm, which is convenient at the depth of the maximum energy density, where
statistical fluctuations for smaller bins become too large;
3. A coarse mesh, with radial bins of 5 mm and longitudinal bins of 20 cm, which enables sta-
tistically reasonable estimates at large radii and depths.
The details of the meshes described above, and their use for retrieving results on the energy density,
are summarised in Table 3 of this report.
4 Maximum energy deposition per one proton or single bunch
The ultimate distribution of energy deposited per proton in the graphite block was averaged
from the results of 5 independent program runs, each including 50 primary histories. An output file
containing mean data and statistical errors for the 3 cylindrical meshes was saved for further use
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in the analysis, interpolation and superposition programs. The maximum values and errors of the
results are given in Table 4. The highest energy density within 0.2 mm radius is found at 158 cm
depth as 7.51.1 GeV/cm3 per primary, but averaged over the beam size (of 2 mm radius) drops to
the level of 6.7 GeV/cm3, found at 185 cm depth (note that the standard deviations of both estimates
overlap). The coarse mesh arrives at a maximum lateral integral at 250 cm depth, and a total depo-
sition of 80% of the primary energy (7 TeV/proton), for the graphite cylinder of 60 cm diameter and
900 cm length.
The cumulative absorbed energy, normalised to ultimate beam intensity, as a function of ra-
dius and depth in the dump core, is shown in Figure 1; it reaches 428 MJ for 30 cm radius and
700 cm depth. On-axis (the first radial bin) longitudinal distributions of energy density obtained
with 3 meshes, together with statistical errors, are plotted in Figure 2a; the radial distributions at
depth 185 cm (longitudinal maximum of the beam-size mesh) can be seen in Figure 3a.
The energy absorbed from cascades gives rise to the internal energy in the graphite. This (in
absence of significant volume variations) can be considered as the enthalpy reserve of the material,
and converted to instantaneous temperature rise per bunch (see Table 4), by resolving the equation:
np d = H(T ) =
Z To+T
To
dT  cv(T ) (1)
where d is the energy density in [erg/cm3] per proton, np is the number of protons per
bunch, H is the enthalpy reserve in [erg/cm3] due to adiabatic heating of the material from ini-
tial temperature To (taken as 20oC ) by T in [K],  is the material density in [g/cm3] (assumed
to be temperature-constant), and cv is the specific heat (under constant volume) in [erg/(gK)]; the
temperature-dependent data assumed for a solid-state graphite are discussed in the thermal analysis
part (Part II) of this study.
The equation above results in temperatures not exceeding 150oC per single bunch (see Ta-
ble 4). However, if the maximum energy density obtained per proton is normalised to ultimate in-
tensity of the overall undiluted beam (all 2835 bunches concentrated on the same axis), it can reach
a value as high as 330 MJ/kg. The corresponding temperatures are not discussed here since they
exceed the range of heat capacity data for solid state graphite, but they can apparently reach tens of
thousands of degrees, except over a short upstream region where the cascades are not yet developed.
Enthalpy calculation shows that the 5000oC vaporisation temperature of the graphite (correspond-
ing to 10 MJ/kg energy density) would be reached at maximum intensity after only 3 s of beam
deposition, corresponding to 1.71013 protons (i.e., 100 bunches) coincidently dumped. After the
86 s of full beam deposition, vaporisation temperature is exceeded from 7 cm depth, and up to
1.6 cm radius. Beyond these limits, simulation of the cascades induced by undiluted beam, relying
on material properties constant in time, are no longer valid.
5 Energy density in upstream and downstream parts of the core
The lateral distribution of energy density in the front face of the core (averaged over the first
5 cm length of graphite) is shown in Figure 3b. Since the statistics of theMC energy scoring results
is rather poor (more accurate estimation would require specially dedicated biased simulation runs,
and Cartesian scoring mesh), the calculated radial deposition profile is compared with a radial Gauss
distribution, approximating the primary beam shape (with r=
p
2x=1.34 mm). Good comparison
within a few r is explained by a small angular spread of the cascade at small depths, where energy
deposition is dominated by ionisation energy losses of primary protons. However, for larger radii
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the Gaussian fit is no longer valid (too low), since in a thick absorber there are albedo particles
which contribute significantly to the deposited energy far from the axis. Using standard data for
ionisation energy losses dE=dz (taken from Ref. [9]), the energy density in a thin graphite layer can
be predicted at the maximum level of 7.310−9 J/kg per proton, while the FLUKA results, averaged
over the first fine-mesh radial bin (r0.2 mm around axis), and extrapolated backward in depth, to
the front face of the absorber, arrive at a quite consistent value of 6.210−9 J/kg per proton.
Data for dE=dz (normalised in [MeV/(g/cm2)]) were also used to calculate ionisation energy
densities in thin discs of other materials (Be, Al, Ti, Fe and Cu), considered for a possible window
between the dump and LHC vacuum system. The results are given in Table 5, for three forms of
the beam most likely to occur: undiluted, linear sweep, and circular sweep – all of the same beam
half-width (1.34 mm). Comparing the respective instantaneous temperatures with melting temper-
atures (vaporisation temperature, in the case of graphite), other substances than carbon should not
be considered for the front face of the core, as it must sustain an accidental passage of the undiluted
beam of ultimate intensity.
Another question of practical importance concerns the transition depth at which the light up-
stream absorber (graphite) can be replaced by higher density downstream materials, necessary to at-
tenuate as much as possible the remaining most penetrating cascade components, while keeping the
total dump length within reasonable limits. A special series of simulation runs addressed a modified
material layout: the last 2 m of the graphite (700-900 cm) replaced by 1 m of aluminium, followed
by 1 m of iron. To favour the most energetic cascade components dominating high penetration, and
to save computer time for increasing secondary statistics at large depths, the leading particle biasing
was applied for electro-magnetic cascades in the upstream region (0-600 cm) of graphite. Per one
proton, the energy density remains below 10−9 J/kg after 700 cm depth of graphite and some addi-
tional 50 cm of Al. The on-axis longitudinal distribution at the C/Al/Fe interface depths is shown
in Figure 2b; the radial distribution is plotted in Figure 3c, for the front layer of the Al absorber. An
applied beam intensity which does not compromise the integrity of the 7 m upstream core, would
heat the downstream absorbers by no more than 5% of the maximum temperature in the graphite.
6 Energy distribution in presence of a beam sweeping system
In the desired discharge scenario of the diluted beam (i.e., normal operation of the sweeper
magnets) the deposited energy distribution originates from cascades induced by bunches non-
coincident in space. In the calculations, this situation can be considered by two alternative methods:
1. Precisely, by a special series of the cascade simulations, sampling primary incidence posi-
tions from a realistic sweep curve, with a realistic three-dimensional geometry model includ-
ing all details of the core layout.
2. Approximatively, by superimposing the two-dimensional (R-Z) energy distribution of an
undiluted beam of single bunch intensity, incident on a semi-infinite homogeneous graphite
medium, over bunch positions defined by the sweep profile.
Since, at the initial steps of the analysis, neither the preferable sweep pattern nor the exact
core layout are known a priori, but are the subject of iterative optimisation (see following sections),
starting with the second method becomes a more practicable approach. Taking each bunch position
as a local axis of the energy deposition (with the undiluted beam shape), the overall energy density






where dcyl(r; z) is the cylindrical energy distribution (in [GeV/cm3] per proton) of the undi-
luted beam, taken at the radial coordinate rn =
q
(x− xn)2 + (y − yn)2. Summation is done over
lateral positions (xn; yn) of all Nb bunches, each of np protons. Application of the equation above
relies on an essential assumption of the locally adiabatic energy accumulation during the 86 s total
beam abort period (discussed in Section 2).
The superposition algorithm (written as a FORTRAN 90 program) reads the bunch position
file for any assumed sweep curve, interpolates radially and longitudinally the energy density data
(read from results of 3 cylindrical scoring meshes; see Table 3), and sums all bunch contributions at
an arbitrary point; the instantaneous temperature rises are obtained from the resulting energy density
by means of Equation (1).
An example of sweep profile f(xn; yn); n = 1; 2835g (called BUCKET55), optimised and
selected for further analyses, is shown in Figure 5a. It results in the maximum, longitudinal and
total energy depositions in the graphite, aluminium and iron longitudinal sections of the absorber
listed in Table 6. The remaining 100-150 MJ in the total balance of beam energy is dissipated with a
low density, mostly by low energy neutrons, over large volumes of the lateral frame and shield (not
included in the simulation), or escapes downstream with penetrating particles (muons, neutrinos).
Beam sweeping reduces the maximum energy density in the graphite by two orders of mag-
nitude (to 3.1 MJ/kg per beam of ultimate intensity) which leads to an acceptable maximum tem-
perature rise of 1800 K at 205 cm depth. The small temperature rises in the Al and Fe absorbers
confirm that 700 cm is a safe limit of the graphite length for diluted beam. The longitudinal max-
imum is located deeper than in the case of undiluted beam, which is characteristic for any lateral
energy integration (here, over bunch positions).
With swept beam, volume integration of energy is not a straightforward procedure. The super-
position algorithm produces an estimate for the integrated density at a discrete point, rather than in
a well defined volume associated with this point. For this reason, the total energy was calculated by
means of finite elements, introduced in the thermal analysis part of this study. However, the applied
operations of interpolation, superposition and finite-element integration conserves the total energy
only within a rough precision. Therefore a specially dedicated FLUKA run, with a source subrou-
tine sampling beam incidence positions from the real sweep (see the first procedure discussed in
this section), and estimating energy deposition in all regions of the dump, was also performed, and
used as a cross check. Direct incorporation of the sweep to the cascade simulations has, neverthe-
less, another important deficiency: even quite a long program run enables a random sample of no
more than 50 from 2835 bunch positions. These accuracy considerations can explain why the results
of these two methods of energy integration, included in the last two columns of Table 6 (marked
FEandMC), are somewhat different. In any case, the total energy deposited by a swept beam in
the downstream Al and Fe absorbers will be so small that they require neither thermal analysis, nor
forced cooling.
The laterally integrated energy as a function of depth in the dump, in presence of the beam
sweeping system, can be observed in Figure 6. The distribution of adiabatic temperature rise in the
graphite for BUCKET55 sweep pattern is shown as follows: in Figure 5b as a function of path along
the sweep profile (at the depth of longitudinal maximum), in 7a as a function of depth (along axis
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of the lateral maximum), in 7b as a function of the horizontal (y=0) and vertical (x=0) cuts through
the central part of the core (at the longitudinal maximum), and in 7c as a function of a distance
along right, left, top and bottom external edges of the graphite block (the edge temperatures have
longitudinal maxima at about 250 cm depth). Longitudinal and transverse instantaneous temperature
distribution along the sweep, in downstream region of the dump, are plotted in Figures 8a-b.
7 Optimisation of the sweep profile
A sweep profile is as efficient as the deposited energy is more uniformly distributed and is
of lower maximum density. The technical realisation of the proposed profile, and cost implications
on design of the dilution kickers, have also to be taken into account. Therefore, the optimised pro-
file results from long iterative studies. Evolution of the form of the sweep curve is summarised by
Figure 4 and by Table 7.
The first step consisted of comparing several types of profile, each contained in a square of
20 cm. A commonly used dilution criterion is the sweep speed (ds=dt) along the curve; unfortu-
nately, using only this method ignores the effect of lateral energy superposition from neighbouring
bunches, which amplifies in the case of small curvature radii. In fact, calculation of the energy den-
sity along the entire sweep curve is required. The comparison led to selection of the 3 most interest-
ing profiles: the 3-wave sinusoidal, the 2nd order Lissajous, and the “apple” (see Ref. [10] for more
details).
For each of these 3 profiles, the second step consisted of progressively expanding their hor-
izontal and vertical amplitudes, until the calculated temperature rises were reduced below reason-
able limits. At this stage, the unavoidable conclusion was that the initially foreseen performance of
the dilution kickers was not sufficient. Thus, as the next iterative step, the kicker hardware special-
ists had to propose a technically and economically acceptable improvement, which led to the actual
optimised profile, called BUCKET55 (shown in Figure 5a, as seen on PA5 side).
8 Geometrical layout of the dump core
The calculated distribution of energy deposited by the swept beam permits the determination
of lateral limits required for the graphite, and the optimal alignment of the core centerline (xo; yo),
with respect to the extracted undiluted beam line (0,0) (taken as the z axis in the calculations). A
reasonable criterion is to impose an equal instantaneous temperature rise on each 4 side walls of the
rectangular block, not exceeding some common critical value, Tc. The energy superposition algo-
rithm (described in the last section) can be applied to obtain temperature profiles along an arbitrary
path (in a loop of discrete points). Extreme vertical coordinates of a 3-dimensional isotherm can be
determined as the up and down equal-temperature positions on the vertical path; similarly, left and
right extremes can be determined on the horizontal path. The mid-positions of equal-temperature
pairs of points can be attributed to the preferable horizontal and vertical coordinates of the block
centre; the distance between each two extreme positions can be taken, respectively, as the block
width and height.
The obtained extreme x and y limits, for the isotherms of T = 24, 25 and 26 K, at the depth
range of longitudinal maximum, are listed in Table 8. One can deduce that a block 6870 cm, cen-
tred at (xo; yo) = (2:6; 3:8) cm assures equal instantaneous temperature rise on the edges (con-
tact surfaces between graphite and external Al frame) less than 25 K. An additional left margin
of 2.6 cm should be foreseen to cope with a possible failure of one of the extraction kicker mod-
ules, which leads to a slightly extended lateral section of 7070 cm, centred as seen in Figure 5a
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at (xo; yo) = (1; 4) cm. A further temperature rise, expected on the external boundaries of graphite
with a time delay, as an effect of heat flow from the hot central region, will be a subject of the tran-
sient thermal analysis [3].
9 Incidental linear sweep
LHC beam dump safety considerations are strongly related to diluter magnet reliability. As
each horizontal or vertical module will work independently, simultaneous faults in one plane would
be highly improbable, and even more so in both planes. Nevertheless, as single module missing
increases temperature by only 200 K (see Ref. [10], part 3), a more serious incident, e.g., global
vertical malfunctioning of BUCKET55 sweep, was considered by setting all y coordinates of bunch
position to zero in the superposition program.
Instantaneous temperature rise as a function of longitudinal depth, to be expected in case of
vertical failure, is shown in Figure 9a. With the maximum beam intensity, only the most critical
region of graphite, between 110 and 300 cm depth, would be heated above 5000oC . The respec-
tive temperature rise as a function of horizontal position, in the upstream parts of the graphite core
(2.5 cm depth) and of the aluminium absorber (710 cm depth), is shown in Figure 9b. The front face
of the core would heat to about 260oC . If the material integrity in the region of maximum deposition
is not significantly damaged, temperatures in the downstream Al (below 155oC ) and Fe absorbers
would still be acceptable.
10 Comments on total sweep failure
The worst, although least probable, accident would be a simultaneous misfire of all the di-
lution kicker magnets. If all bunches were dumped at maximum intensity on the same axis (2 mm
radius), the central temperature would exceed 5000oC in most of the core length, after the first 3 s.
However, our current state of the art calculation cannot determine, with any certitude, the damage
that could be induced in the core by incidental absorption of the undiluted high intensity beam –
an effect comparable to an explosion. Any serious theoretical consideration of this most hazardous
situation would at least require:
1. Taking into account phase transitions and high-temperature equations of state, as well as
some possible chemical reactions (e.g., carbon oxidation);
2. Hydro-dynamical analysis, at an extremely short time scale, taking into account violent vari-
ations of material density and pressure, mass-flow modes of energy transfer, etc. ;
3. Repetitive use of the cascade simulation, at several time sub-steps of the 86 s beam intercep-
tion period, with subsequently modified density and pressure conditions, and with an expand-
ing geometry shape of the penetrated (gaseous) zone which could drastically extend location
and size of the region of maximum energy deposition.
All these problems would require a special approach, using dedicated computer codes, and incor-
porating material data extended to very high temperatures, as was demonstrated by preliminary cal-
culations [11] performed in the Los Alamos National Laboratory, USA. Their conclusion was that
a high intensity undiluted beam would be able to bore a hole in any solid material, in a fraction
of the total abort period, and would penetrate the core. After such an event, the core block would




The favoured material for the upstream core of the dump is graphite, followed by 1 m Al and
2 m Fe downstream absorbers, necessary to attenuate the most penetrating cascade components.
The maximum density of energy deposited by particle cascades within 2 mm radius was found at
185 cm depth: 6.70.8 GeV/cm3 per proton. Many of the results obtained in this report are related
to ultimate beam intensity, as they represent the most severe design constraints. Some important
ones are summarised in Table 9. The aborted beam must of necessity be diluted, and the predicted
maximum temperature rise per one bunch, not exceeding 130oC , demonstrates the feasibility of a
beam sweeping system. The proposed sweep profile (about 120 cm long) reduces the peak energy
density by about two orders of magnitude, and the maximum macroscopic temperature rise in the
graphite to about 1800 K, at maximum beam intensity. In order to absorb about 80% of the swept
beam energy and maintain the graphite-aluminium interface temperature below a reasonable limit,
the core must have a 7070 cm cross section. A 7 m length assures safe temperatures of the down-
stream Al and Fe absorbers, with sweep, or even with failure of one of the independent horizontal or
vertical dilution kickers. The total required amount of graphite weights about 6 tons. Laterally inte-
grated energy deposited by the swept beam (1.1 MJ/cm, in the longitudinal maximum at 245 cm),
must be further evacuated from the core by thermal conduction and external cooling. Temperature
is increased in external parts of the dump (frame, base plate and shielding) with a significant time
delay, by heat transfer from the central hot region rather than by direct energy deposition from the
cascades. Energy density results presented here are extensively used as initial load input for thermal
and mechanical analyses, subject of subsequent parts of this study.
Acknowledgements
The authors of this note would like to thank E. Weisse for initiating and following-up this work
as the leader of the LHC Beam Dump Project, G.R. Stevenson for many suggestions and stimulating
discussions on energy deposition and radiation protection matters, and E. Vossenberg for his active
participation in the optimisation of the beam sweep profile. Special thanks are due to M. Ross for
his indispensable support in writing this report.
10
References
[1] P. Lefe`vre and T. Petterson (Eds.), “The Large Hadron Collider: Conceptual Design”, CERN
AC/95–05 (LHC), Geneva (October 1995).
[2] A. Fasso`, A. Ferrari, J. Ranft and P.R. Sala, “FLUKA: present status and future develop-
ments”, in Proc. of the IV Int. Conf. on Calorimetry in High Energy Physics, La Biodola (Is.
d’Elba), Italy (Sept. 20–25 1993); Ed. A. Menzione and A. Scribano, World Scientific, p.
493.
[3] S. Pe´raire and J.M. Zazula, “LHC Beam Dump Design Study, Part II: Heat transfer analysis;
implications for abort repetition and cooling system”, LHC Project Report (in preparation).
[4] M. Huhtinen, L.E. Moritz, G.R. Stevenson and J.M. Zazula, “An assessment of the Release
of Radioactive Air Produced in the LHC Beam Dump Caverns”, CERN TIS-RP/IR/96–18,
Gene`ve (August 1996).
[5] A. Ferrari, G.R. Stevenson and E. Weisse, “Design of the LHC Beam Dump”, in Proc. of the
3-rd Europ. Part. Accel. Conf. (Vol. 2, pp. 1545-47), Berlin (March 24-28 1992); LHC Note
180.
[6] J.M. Zazula, M. Gyr, G.R. Stevenson and E. Weisse, “A New Concept in the Design of the
LHC Beam Dump”, in Proc. of the PAC’95 Particle Accelerator Conf., Dallas, USA (May
1-5, 1995), Vol. 3, pp. 1891-93.
[7] A. Fasso`, A. Ferrari, J. Ranft, P.R. Sala, G.R. Stevenson and J.M. Zazula, “Comparison of
FLUKA simulations with measurements of fluence and dose in calorimeter structures”, Nucl.
Instr. and Meth. A 332 (1993) 459-468.
[8] J.M. Zazula, “From particle cascade simulations (FLUKA) to finite element heat transfer
and structural deformation analyses”, presented at the SARE’95 Workshop on Simulating Ac-
celerator Radiation Environment, CERN, Pre´vessin, France (October 9-11, 1995); CERN
SL/95–93 (BT), Gene`ve (October 1995).
[9] Particle Data Group, “Review of Particle Properties”, (Chapter 10: Passage of particles
through matter; p. 1251, Fig. 10.2), Phys. Rev. D, Vol. 50, No. 3 (1994).
[10] S. Pe´raire and E. Vossenberg, “Optimisation du profil de dilution du faisceau sur un dump
LHC” CERN SL/BT/TA (3-parts internal note, 18/28.08.1995 and 12.02.1996).
[11] D.C. Wilson, “Hydrodynamic Calculations of High Energy Beam Deposition”, unpublished
notes, presented on the seminar given at CERN (June 3, 1992).
11
Table 1: Ultimate parameters of the dumped LHC beam, assumed for this study.
Maximum proton momentum 7.0 TeV/c
Beam size (Gaussian h=v) 0.95 mm
Number of protons per bunch 1.7 1011
Number of bunches 2835
Bunch duration 0.25 ns
Bunch spacing 25.0 ns
Beam intensity (protons) 4.8 1014
Overall beam abort time 86 s
Stored beam energy 540 MJ
Table 2: Physical properties of graphite, aluminium and iron, assumed in this report.
Graphite (C) Aluminium (Al) Iron (Fe)
Density [gcm−3] 1.75 2.70 7.88
Inelastic hadron interaction length [cm] 37.3 35.4 15.1
Radiation length [cm] 21.2 8.83 1.73
Specific heat (at 20oC ) [Jg−1K−1] 0.65 0.90 0.48
Thermal conductivity (at 20oC ) [Wcm−1K−1] 0.90 1.80 0.52
Maximum safe temperature [oC ] 2500 150
Melting (vaporisation) point [oC ] (5000) a) 660 1540
a) highest referenced value
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Table 3: Cylindrical meshes applied for scoring density of energy deposited in graphite by the LHC
beam, and r j z ranges applied in the interpolation algorithm.
Mesh R Rmax Z Zmax V No. of r j z! 0 – 300 – 600 –
size [cm] [cm] [cm] [cm] [cm3] bins # [cm] – 300 – 600 – 900
Fine (F) 0.02 1 5 300 0.006 5060 0–0.5 F B C
Beam (B) 0.1 5 10 900 0.314 5090 0.5–2.5 B B C
Coarse (C) 0.5 30 20 900 15.71 6045 2.5–30 C C C
Table 4: Value and longitudinal position zm of maximum density, lateral integral and total integral
of energy, deposited in graphite per primary, estimated with 3 scoring meshes.
Mesh Max. energy density Temp. rise Lateral integral Total integral
size [GeV/cm3] zm [cm] [K/bunch] [GeV/cm] zm [cm] [GeV] 2RZ [cm]
Fine 7.51.1 158 128 3.58 218 643 2300
Beam 6.70.8 185 116 11.0 235 3220 10900
Coarse 2.60.1 190 52 17.7 250 5610 60900
Table 5: Maximum energy density and instantaneous temperature, induced in front part of differ-
ent absorber materials by primary ionisation energy losses in the case of undiluted beam, linear or
circular sweep, with the same half-width (1.34 mm).
Material  cp(20oC ) dE=dz Tmelt Energy density [J/g] Temperature in oC
[g/cm3] [J/(gK)] [MeVcm2/g] [oC ] Gauss line circle Gauss line circle
Be 1.85 1.84 2.6 1280 3520 22.7 6.96 1300 32.2 23.8
C 1.85 0.65 2.6 (5000) 3520 22.7 6.96 2000 50.8 30.2
Al 2.70 0.90 2.5 660 3390 21.8 6.69 2370 44.1 27.4
Ti 4.42 0.58 2.4 1670 3250 20.9 6.42 4930 55.7 31.0
Fe 7.88 0.46 2.3 1540 3120 20.1 6.15 4590 62.8 33.8
Cu 8.95 0.39 2.2 1080 2980 19.2 5.89 6810 69.5 35.3
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Table 6: Value and longitudinal position (zm) of maximum density, lateral integral and total integral
of energy deposited in graphite, aluminium and iron absorber sections (within lateral dimensions
7070 cm), by swept beam (BUCKET55 pattern).
Material z range Max. energy density Temp. rise Lateral integral Total [MJ]
[cm] [J/kg] zm [cm] [K/beam] [J/cm] zm [cm] FE MC
graphite 0 – 700 3.13106 205 1800 1.13106 245 390 440
aluminium 700 – 800 3.15104 710 35 3.52104 715 3.4 3.7
iron 800 – 980 3.76103 810 8 1.66103 820 0.1 0.3
Table 7: Optimisation of the beam sweep profile, summarised by horizontal and vertical amplitudes,
length, and by maximum energy density and instantaneous temperature rise.
Profile Horiz. ampl. Vert. ampl. Length Energy density Temp. rise
name [cm] [cm] [cm] [MJ/kg] [K]
BUCKET02 10 10 72 6.94 3520
BUCKET39 22 11 105 4.20 2300
BUCKET45 18 18 98 4.06 2230
BUCKET55 19.8 21.6 118 3.13 1800
Table 8: Extreme coordinates (in cm) of isotherms due to instantaneous temperature rise (in K) in
graphite, in presence of BUCKET55 sweep profile.
Temp. rise xleft xright xlen xcent ybot ytop ylen ycent zmax
24 -31.4 +36.4 67.8 2.5 -31.2 +38.8 70.0 3.8 245–255
25 -31.0 +36.2 67.2 2.6 -31.0 +38.6 69.6 3.8 250–255
26 -30.8 +35.8 66.6 2.5 -30.6 +38.2 68.8 3.8 245–260
14
Table 9: Summary of some important results of this report.
(a) Materials and dimensions
Successive dump materials graphite aluminum iron
and lengths 7 m 1 m 2 m
Graphite dimensions 0.70.77 m
Core axis (x,y) coordinates (+1,+4) cm on PA5 side
related to undiluted beam axis (-1,+4) cm on PA7 side
Transverse amplitudes 19.8 cm horizontal
of diluted beam 21.6 cm vertical
(b) Operation conditions at 7 TeV
At beam intensity: Nominal Ultimate
(protons per beam) 3.01014 4.81014
Maximum local temperature 1200oC 1800oC
Maximum local energy density 1.9 MJ/kg 3.1 MJ/kg
Maximum energy density per proton 0.071 GeV/cm3
Energy dilution factor 94
(c) Incidental undiluted beam at 7 TeV
At beam intensity: Nominal Ultimate
(protons per beam) 3.01014 4.81014
Maximum local energy density 182 MJ/kg 295 MJ/kg
Maximum energy density per proton 6.7 GeV/cm3
Maximum depth, for T5000oC 11 cm 7 cm
Minimum radius, for T5000oC 1.0 cm 1.6 cm
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Figure 1: Cumulative distribution of total energy deposited within different radii in the graphite
block, normalised to maximum beam intensity, as a function of longitudinal depth.
Figure 2a: Longitudinal distributions of energy density deposited per proton, on axis of a graphite
block, within 0.2, 1 and 5 mm radius.
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Figure 2b: Longitudinal distribution of energy density deposited per proton on beam axis, in down-
stream region of graphite (600-700 cm), aluminium (700-800 cm) and iron (800-900 cm).
Figure 3a: Radial distribution of energy density deposited per proton, at the longitudinal maximum
in graphite, obtained with 3 different energy-scoring meshes.
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Figure 3b: Radial distribution of energy density deposited per proton, averaged over the front 5 cm
depth of the graphite core, compared with Gaussian distribution of beam width (solid curve).
Figure 3c: Radial distribution of energy density deposited per proton, at the front of downstream
Al absorber (710 cm depth).
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Figure 4: Optimisation of the beam sweep patterns, shown by the sweep lateral contours (left plots),
and by the instantaneous temperature profiles along the sweep (right plots).
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Figure 5a: Ultimately selected sweep profile (BUCKET55), and lateral alignment of the graphite
block, as seen on PA5 side.
Figure 5b: Instantaneous temperature rises along the BUCKET55 beam sweep profile, at the lon-
gitudinal maximum in graphite.
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Figure 6: Laterally integrated energy as a function of depth in the dump, as a result of beam sweep-
ing over BUCKET55 profile.
Figure 7a: Longitudinal distribution of instantaneous temperature rise, at the lateral maximum in
graphite, as a result of beam sweeping over BUCKET55 profile.
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Figure 7b: Distribution of instantaneous temperature rise along the horizontal and vertical cuts, as
a result of beam sweeping over BUCKET55 profile.
Figure 7c: Distribution of instantaneous temperature rise along the horizontal and vertical edges of
the graphite core, as a result of beam sweeping over BUCKET55 profile.
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Figure 8a: Instantaneous temperature rise as a function of longitudinal depth in the downstream
region of the dump, as a result of beam sweeping over BUCKET55 profile.
Figure 8b: Instantaneous temperature rise in the front part of the aluminium absorber (710 cm
depth), along the BUCKET55 beam sweep profile.
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Figure 9a: Instantaneous temperature rise as a function of longitudinal depth, expected in case of
vertical sweep failure. The graphite between 110 and 300 cm depth would be heated above 5000oC ,
at the lateral maximum.
Figure 9b: Instantaneous temperature rises as a function of horizontal position, in the front parts of
the graphite core (2.5 cm depth) and of the aluminium absorber (710 cm depth), expected in the
case of vertical sweep failure.
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